of reliability encompasses two attributes of the electricity system: security on the one 4 hand, which describes the ability of the system to withstand disturbances and 5 adequacy on the other, which represents the ability of the system to meet the 6 aggregate power and energy requirement of all consumers in the future [1] . 7 Whereas the determination of the current SoS is quite a feasible task, the projection capacities, which can be quite insecure in their realization.
12
Another crucial aspect when estimating the future adequacy level is the availability of weather and load [2] . Describing the appropriate impact on SoS by single capacity 19 values or simply neglecting it becomes thus insufficient. This especially applies for 20 scenarios of future energy systems relying on high shares of VRE and an increasing 21 power exchange between countries. For regions of the United States studies have 22 examined the system reliability of integrating large wind power generation capacities 23 in the future. However, they rather focused on the stochastic characteristics of 24 weather than the availability of conventional power plants [3, 4, 5] . Moreover, due to 25 the high dependency on local weather conditions their findings on SoS cannot be 26 generalized or applied to the European energy system. As elaborated in the 27 following, recent studies have been evaluating the current and future SoS in the 28 German and European market. They all consider the available power generation and 29 storage capacities as well as the annual power demand and peak load. Further input 30 includes the amount of interruptible loads and the availability of generation 31 capacities, thus its capability to provide electric power. 
53
A Monte-Carlo Simulation of VRE generation and an hourly market simulation model 54 have been applied in [7] . The loss of load expectation and expected energy not have been computed applying a dynamic analysis with probabilistic elements [8] . The 59 development of power plant capacities is assumed according to Scenario B from [6] .
60
Their results indicate a load balancing probability of almost 100% in all countries and 61 scenario years, except for France and Belgium in the year 2025. A methodology for deriving a consistent measure for supply adequacy in the German 65 power sector has been derived in [9] Italian market, an energy system model based on TIMES has been linked with a 73 detailed power system model in [10] . Grid restrictions between the six Italian market 
83
The temporal availability of power generation and storage plants is an important 84 criterion in the evaluation of SoS [12, 13] . In fundamental high-resolution power 85 system models, available capacities are often exogenously defined as a static share 86 of the overall installed capacities [14] . In supply systems with increasing share of 87 VRE generation, this approach is not sufficient for an assessment of SoS, as the 88 partially stochastic behaviour of power plant unavailability is not reflected. approach of power plant unavailability is provided by Eq. 1.
Intertemporal differences in unavailability ߢ:
Mean reversion rate, describing the stiffness of the Mean reversion process ߤ :
Mean reversion level, equivalent to the long-term average of the Mean reversion process ‫ݐ∆‬ :
Time step length (in this case one hour, ‫ݐ∆‬ = 1)
Values 
156
Using Monte-Carlo methods, the simulation is run V = 300 times for each power plant 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
231
‫ܦܥ‬ ,ఠ = max
߱: Index of scenarios ߗ v:
Index of variations V
As the availabilities of generation capacities are already considered as input 232 parameter of the power system modelling step, the loss of load probability (LOLP) 245
In order to assess the power system's capability to balance load and intermittent 251
Model input data and scenarios

252
This chapter provides an overview of the data input of the models. It introduces the The historic data reflects the characteristics of both planned and unplanned power 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
REMix input 333
In accordance with [22] , REMix is parameterized making assumptions for the countries is driven by their relevance for the power export and imports of Germany.
339
Due to the very limited transmission capacity to France and long distances to 340 Germany, the influence of the Iberian and British power markets is rather small.
341
Furthermore, the annual power exchange between France and Germany is roughly 342 balanced. In contrast, both concerning the available transmission capacity and the 343 current power export, Italia (via Switzerland) is comparatively more important to the 344 situation in Germany [23] . Within Germany, the SoS is assessed separately for the 345 18 transmission grid regions used in [24] and shown in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The SoS is to a high degree dependent on the annual peak load and the installed 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
383
This implies the assumption of a power-controlled operation and thus availability of 384 additional heat producers as CHP backup, which is also applied to small CHP units.
385
The consideration of electricity storage is limited to the pumped hydro storage 386 capacity already existing or under construction. Both generation and storage 387 capacities are considered with their net capacity. Another measure for reducing 388 generation capacity is demand response [34, 35] . In this work, load reduction 389 potentials in industrial processes are considered. They are determined based on 390 [36, 37, 38] .
391
To account for the provision of spinning and non-spinning reserve, we reduce the Table 7 in the Appendix. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Germany, France and Poland ( Figure 6 ). Within Germany, supply shortfalls appear in In accordance with the LBP, the loss of load expectation (LOLE) is highest in region 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The average and maximum capacity deficit are shown in Figure 10 . Thereby, the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 In region Amprion-5, shortfalls also appear only during the winter months and 552 particularly in February, however at a much lower intensity and duration. There, only 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
556
To further examine the load flows between the model regions, the hours with supply 557 shortfalls are analysed in detail for a selected variation of scenario Reduced Grid.
558
The analysis reveals that the existing grid capacity from Germany to Poland is fully 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 In the detailed analysis of the capacity utilization of transmission lines in critical 597 supply situations, it appears to be contra-intuitive that firstly, the transmission Although it is more likely that the cost intensive artificial electricity generator becomes 609 active in regions with shortfalls, this is not necessarily the case as soon as more than 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The methodology for the stochastic simulation of power plant availabilities has proven 625 to reasonably realistically reflect the occurrence of unforeseen power station outages.
626
Due to the limited data availability, the simulated power plant availabilities can so far 627 only reflect the pattern registered within a comparatively short period of two years. deficit. In case of [7, 8] , the assumed realization of currently planned new power plant 658 capacities and negligence of inner German grid restrictions lead to this conclusion.
659
Present legislation in Germany foresees various components to ensure the currently 660 high SoS also in the future [42] . Capacity mechanisms are so far not introduced.
661
Despite of capacity payments the evolution of price spikes is favoured. As security 
668
In contrast to earlier analyses, this work considers grid restrictions within Germany. The model results emphasize the importance of an international assessment of SoS.
704
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